Thc grana of chloroplasts of starch-frce lcavcs of Nicotiana ruztica are dcscribcd in detail. Leaf sections were fixed in 2.5 per cent KMnO4 and cmbcddcd in mixtures of butyl and ethyl mcthacrylatc. Chain lcngth of the polymer was modified by use of a transfer agcnt. The grana are composed of compartmcnts consisting of electron-scattering partitions and electron-transparent loculi. Compartments arc not opcn to thc stroma so that the grana are distinct subplastid organellcs. Adjacent grana are connected by an anastomosing fretwork system composed of flcxuous channels bordered by electron-scattering mcmbranes. Ten different kinds of granum margins are described. These marginal variations depend upon grana-frctwork connections and internal marginal connections between adjaccnt loculi. A study of scrial sections suggcsts, at least in some plastids, the occurrence of a possible orderly spiral arrangement of compartmcnt-fretwork connections. Adjacent grana may have common compartmcnts. Grana may branch. Variations in shape may depcnd upon the anglc the section bears to the axis of the cylinder. This should also influence the relative thickness and sharpness of the partitions. Since all shapes and variations in partition thickness and sharpncss cannot bc accounted for on thc basis of the orientation of the grana, such variations probably occur naturallT. Grana vary in sizc, ranging from those few which have a single partition to those having 50 or more compartments which extend completely through the width of a plastid. Relationships between grana of different sizes and bctwcen compartments and frets indicate the possibility of growth of grana from union or extension of compartments and formation of compartments from the union of frets.
INTRODUCTION
As Gibbs (1960) points out, current models of the structure of grana of the chloroplasts of higher plants propose a series of lamellae united two by two at their margins to enclose an intradisc space (von Wettstein, 1959) . These paired disc lamellae alternate with an interdisc space which is supposedly continuous with the extragranum plastid substance. Sager (1958) has generalized from this model that the discs, not the granum, are the units of structure; that the chloroplasts are really lamellar bodies; and that there is no stroma. Gibbs, however, correctly holds that in the grana of higher plants all "non-membranous" material is in reality intragranum space, distinct and separated from the stroma. She points out that some of Lance's (1958) electron micrographs of Chrvsanthernum segetum show this type of structure. Recent micrographs published by Menke (1960 a, b) also indicate that at least the small grana of chloroplasts of Oenothera and Elodea leaves support this interpretation of granum structure. Weier (1961) has recently shown that the grana of starch-free chloroplasts of fully expanded leaves of Nicotiana rustica are distinctly compartmented, subplastid organelles. This structure arises from a parallel series of dark partitions completely surrounding a transparent space, the loculus. The grana are interconnected by flexuous, anastomosing channels called frets (see Fig. 24 B, C).
The fine structure of chloroplasts is variable in the extreme (Weier, 1961; Weier and Stocking, 1962) . The arrangement of the grana-fretwork system ranges from a regular array of parallel grana, perpendicular to the cell wall and connected by anastomosing frets, to an irregular distribution of grana varying in size and orientation. This system may be uniformly distributed throughout the stroma, either parallel with the long axis of the plastid or bent into a letter S or U. It may be withdrawn to one side of the plastid leaving an area of stroma which generally faces the cell wall. The partitions may be thick or thin, sharply delimited or diffuse. The compartments of a granum may be at right angles to its long axis or slanting with respect to this axis. Our collection of micrographs contains variations awaiting controlled environmental studies for an explanation. How much of this variation is due to technical procedures and how much may be real is problematical. It is known that differences exist in the metabolic activity of different regions of the same leaf (H~irtel, 1939; Scott, 1960) . Chlorophyll content of leaves of Marquis wheat increases linearly with increased day length (Friend, 1961) . A wide range of preliminary investigations, carried out in our laboratory, on light intensities, day lengths, wilting, starch content, and mineral deficiencies indicates a surprising sensitivity of plastid ultrastructure to the metabolic state of the leaf. Tissue may be modified by injury previous to fixation (Mollenhauer et al., 1961) . Fixation modifies structure and there is no a priori reason for holding one fixation image more "real" than another. We know that the alcohol series after Palade's and Champy's fixing fluids becomes green with chlorophyll and that the pigment in frozendried leaves is oxidized by benzoyl peroxide in methacrylate. We suspect that KMnO4 oxidizes chlorophyll. We know that plastids, particularly the grana, are intensely Sehiff positive after KMnO~ fixation and that dehydration also influences their shape and chemistry. We think that chloroplast uhrastructure influences the orientation of the developing polymer molecules, resulting in a direct relationship between plastid structure and types of polymerization damage. In other words, the variability in the fine structure of chloroplasts of mature tobacco leaves can be due to normal plastid development, to environmental conditions as they are reflected in changing metabolic states, and to processing.
Since we are proposing a new concept of plastid structure, it is particularly important that the examples selected to develop this concept are not artifacts induced by our cultural conditions or processing techniques but are constantly recurring types. We are as certain as any electron micro~ scopists can be that our material is as Close to its living form as the best current techniques permit. The 24 illustrations selected for this report are backed by 2000 micrographs showing the grana and fretwork in the range of variation herein :eported.
MATERIALS AND METHODS
The starch-free chloroplasts for this study were taken from fully matured greenhouse-grown plants of Nicotiana rustica. Collections were made at the initiation of flower buds. Previous to collection the plants were placed in the dark for 36 to 48 hours and leaves were taken immediately after return to light and after 1 and 2 hours in the light. Unless otherwise noted, fixation was carried out in 2.5 per cent KMnO4 for 15 to 30 minutes at room temperature. Sections were dehydrated in an alcohol series, embedded in a light-prepolymerized, 7:3 mixture of butyl and ethyl methaerylate to which ethyl mercaptan, a transfer agent, was added at the rate of 0.01 ml per 100 ml. Benzoyl peroxide was used as initiator, and polymerization was effected by a G.E. H4 AG UV lamp. Sections were cut with glass knives on a Porter-Blum microtome and viewed on an RCA EMU-3 microscope. Listed magnifications are approximations.
INTERPRETATION
OF THE
MICROGRAPHS

Quadrilateral Grana
Grana are compartmented entities, separate and distinct from thc stroma and interconnected by flexuous channels, the frets (Figs. 1 to 4, 9, 11, 24 C, D) (Weier, 1961, Weier and Stocking, 1962) . The compartments are formed by darkened partitions and margins complctely surrounding an elcctron-transparent loculus. At irregular intervals the loculi open to the interconnecting frets. We shall consider the details of this structure.
COMPARISON OF GRANA AS SEEN WITH THE LIGHT MICROSCOPE AND THE ELECTRON MICROSCOPE
As pointed out by Menkc (1957) and Wcier (1951) , the shapes of structures seen with the elcctron microscope and designated as grana do not con-form to the shapes of the grana seen in the living plastid. As yet there exists no vigorous proof that the two structures are identical, although they must be related. Since we must distinguish clearly between the grana of living or fixed chloroplasts seen with the light microscope and the grana of the electron micrographs, it is then convenient to refer to them as micro-and uhramicrograna respectively.
The quadrilateral profiles of Figs. 1 to 3, 8, 13 to 16 have been interpreted as median or nearmedian sections of cylinders. Yet the best evidence obtainable with the light microscope indicates that the grana are discs (Heitz, 1936; Mevius and Drivel, 1953; Drivel, 1954; Weier, 1961) , even though they may be aligned like a stack of coins (Drivel, 1954 and Grave, 1954) . Weier (1961) has observed what may be cylindrical grana in edge views of chloroplasts of Nicotiana rustiea. Electron micrographs show round profiles in face view that are unquestionably grana (Weier, 1961) (Figs. 6, 9, 17, 20) , but side views never show spindleshaped grana even when the stack of compartments is short enough to be of about the right proportions (Fig. 2, A and B) . It is possible that cylinders could arise by lateral contraction of the plastid during processing, which would bring the aligned grana into an intimate face-to-face contact. Adjacent, aligned, unit grana can be distinguished because of their distinctive end compartments (Fig. 2, Ec) (Weier, 1961) . Closer contact could transform end compartments into internal compartments so that it may not be possible to rigorously ascribe, or deny, the formation of cylindrical ultramicrograna, seen in the electron microscope, from disc-shaped micrograna, seen with the light microscope.
There is no evidence from light microscopy that grana deviate significantly from their disc shape, yet ultramicrograna are polymorphic (Figs. 18, 21 to 23) .
ANGLE OF SECTION: Most profiles may be interpreted as sections cut through cylinders at various angles to the axis. Profiles of right-angle cylinders are very common (Figs. 2, 3, 8, 13 to 16, 18, 21, 22) while those of oblique cylinders occur less frequently (Figs. 1 and 10 ). Cylinders may also curve, have slightly converging margins, (Fig. 23) , or have very irregular margins (Figs. 21 and 22) . We may expect that sections parallel with the axis of such cylinders will be the exception rather than the rule. Most sections will be cut at an angle to the axis. If this interpretation be correct, the width of both the partitions and the loculi should vary in a manner that bears a direct relation to the angle which the section makes with respect to the axis of a granum.
A median section parallel with the axis should give a quadrilateral profile (Figs. 1 to 3) . A similar section but at right angles to the plane of Fig. 1 could give the triangular profile of Fig. 4 , B. The partitions of such sections should be sharp and distinct, as they are. Near-tangential sections should be narrow quadrilaterals (Fig. 8 F and G as compared with A). A section cut at a slant with respect to the axis of a right-angle cylinder should result in an oval, rhomboidal, or triangular profile with broad, even diffuse, partitions and narrow loculi. A similar section through an oblique cylinder could give a rectangular profile with diffuse partitions (Fig. 4, A) . It is important that the three-dimensional shape of the grana be considered when measurements of partitions and compartments are being made.
It seems likely that metabolism also may play an important part in the sharpness of the profiles. This possibility is illustrated in Fig. 5 . The partitions are sharp at both ends of granum A and very diffuse in its middle. Granum B is particularly sharp, as is the two-compartmented granum above it. The partitions at the top of C are distinct. Grana D and F are completely diffuse, granum E has some sharply contrasting partitions, while G is very distinct. Only sharply curving cylinders could give the profiles of A, C, and E. Since no grana in the plastid were sharply bent, the possibility Of physiological influence on grana structure is indicated.
T H E PARTITION-LOCULUS I N T E R F A C E :
Although the contrast between the partitions and the loculi in Figs. 1 to 3 is generally excellent, the interface between the two regions is not sharp. In all compartments this line is wavy and at best resembles an irregular saw-tooth edge. Both the partitions and the loculi show areas of uneven densities so that there appear to be slightly darker masses crossing the loculi and lighter spots within the partitions. This effect is shown to good advantage in Figs. 1 and 3 and may be seen in all other sections by close examination. If it has significance, it must indicate that the reducing areas within the grana are variable and not continuous. There must be some reduction of the permanganate in the loculus and areas of less intense reduction in the partitions. This hypothesis receives some support from face views such as Fig. 6 which shows partitions of varying densities.
COMPARTMENT STRUCTURE: (a) If the compartments are considered to be flattened vesicles separated by stroma (Mfihlethaler, 1955; Sager, 1958) , the end and internal partitions as well as the margins should be of equal thickness, and there should be connections only between every other set of paired partitions. (b) However, compartments could be units, i.e., flattened vesicles closely appressed against each other. If this be the case, the internal partitions should be about twice as thick as the margins or the end partitions (Menke, 1960b) . (c) If the granum is the unit, simply subdivided into compartments by partitions, all lines would be of about equal thickness but the margin would be continuous and not interrupted as in the first hypothesis.
The internal partitions of the grana are thicker than the end partitions, and the latter may be somewhat thicker and frequently better delineated than the margins. Simple measurements, however, indicate that the end partitions are one-half to two-thirds as thick as the internal partitions and that the margins are somewhat thinner. Split partitions are of exceedingly rare occurrence.
Some are shown in Fig. 4 B, Dp. The end partition 
~IGURE
Examples of relatively short grana, one, A, consisting of only two compartments. B has nine compartments, the upper ones being diffuse. Granum C has sixteen sharply delimited inner partitions. A swelling of the end compartments is common (Ec), but note that the lower end compartments have not swollen. The numerals indicate margin typcs; No. l endings are not numbered. X 77,000.
FIGURE 8
A long granum with thirty-nine compartments. The end compartments (Ec) are not swollen. The end partitions (Ec) are thinner than the internal partitions which, however, give evidence of doubleness only in very rare instances. Most of the compartments are No. 1 without extending frets and are not numbered. Evidence of internal connections between compartments show faintly at 6. )< 98,000.
FIGURE 4
Two triangular gwana indicating sections cut at a slant with respect to the long axis of a cylinder. Granum B was presumably cut at a greater angle with respect to the axis than granum A. Granum B should have diffuse partitions and narrow or no loculi. The reverse is the ease. In granum A the cut edges of the partitions are indicated at Sp. The slanting partition is indicated by S1 P. The upper partitions of granum B represent one of the rare instances of partition doubleness, Dp. The numerals indicate margin types. M 73,000.
FIGURE 5
Sevcral small grana (A to H) with contrasting sharp and diffuse partitions. X 38,000. is single. The second (Dp) has a distinct light central line which seems to open to the margin of a fret on the left. O n the right, the two portions of this split partition are united. The fret connecting with the second compartment seems to be attached to the lower half of the divided partitions. The third partition is split only on the right, the fourth partition is unsplit throughout, and the fifth partition is split from the left-hand margin to about the center of the granum. All other partitions are solid.
MAROXNS: Adjacent grana are randomly connected bv a series of anastomosing channels or frets (Figs. 1 to 8 ). Not all compartments in a given profile are supplied with frets, although study of face views such as shown in Figs. 6, 9, 11, and the serial sections (Figs. 13 to 15) suggests that every compartment has some sort of a connection with compartments of adjacent grana. Where frets do not join directly with compartments (Fig. 1, 1) , the compartments are closed to the stroma or to the adjacent fret (Fig. I, 7) . The type of compartment margin is largely determined by its association, or lack of association, with frets. There are ten marginal variations. These are described below and shown diagrammatically in Fig. 7 . Examples are indicated by matching numbers on the micrographs (Figs. 1  to 4 ).
1. Closed compartments. In a given profile, many compartments are closed both to the stroma and to frets joining with adjacent grana. This appearance does not preclude an association with a fret at some other point of the compartment circumference.
2. Compartments open to frets. This situation is self-explanatory. It is taken to indicate some physical connection between adjacent grana.
3. Closed compartments with attached frets. This suggests that the opening from the compartment into the fret is smaller than the area of union between the fret and the margin.
4. Compartments closed to frets but with an internal marginal passageway between compartments. This indicates infrequent but definite lateral connections between adjacent loculi of the same granum. From the relatively infrequent occurrence of this type of margin it does not seem likely that all loculi of a given granum are so interconnected. Evidence for or against such a continuous connection is unsatisfactory.
5. Adjacent compartments closed to frets but with common rounded margins. The resemblance of this margin to that illustrated in no. 4 suggests that adjacent serial sections would show interlocular connections.
6. Adjacent compartments with internal marginal passageways open to a single fret.
7. Closed double compartments attached to a single fret. This situation is comparable to that described in no. 3 and suggests that the opening into the fret is smaller than the area of attachment between the fret and the compartments.
8. Compartments are occasionally associated to suggest a triple unit, comprised of two closed single compartments bordering upon a single compartment which opens to a fret.
9. Occasionally the triple unit may be augmented to a unit of five or more compartments comprised of two or more open compartments separated by closed compartments.
10.
Only rarely are compartments in these plastids open to the stroma.
These margin types intergrade so that the selection of examples as in Table I is sometimes arbitrary. This difficulty arises from sectioning a three-dimensional structure. We have a tentative interpretation of its form but will not present it until it is verified or modified by serial sections.
The anastomosing interconnecting frets are well illustrated in Figs. 6 and ll. In cross-section the frets are represented by the short, flexuous, paired lines (Figs. 1 to 3 ). Longer and more parallel frets are encountered upon occasion as in Fig. 8 . The appearance of these longer frets in face view is represented by the flatter, more parallel channels of Fig. 9 . In Figs. 6, 9, and ll, frets have been sectioned and their Grana may thus have the following connections: (a) several grana may be united by anastomosing frets, (b) two grana may be connected by relatively parallel frets, or (c) grana may share compartments in common. In addition, (d) grana may be connected by frets to the dark irregular masses or star bodies (Fig. 5) (to be discussed elsewhere) . These connections are shown in Fig. 12 .
With this description of the grana we may examine the order of arrangement of types of margins. A uniform system is not apparent. The types of margins seem to bear no relationship with each other, either in seriation along thc axis of the granum, or with opposite sides of the profile. The flexuous nature of the frets makes it difficuh, if not impossible, to compare their terminations with adjacent grana, but such attachments as are present show no order.
A verbal description of margins is tedious. In the following scheme, the numbers and letters represent the types of margins described above (Figs. 7 and 12) and depicted in Figs. 1 to 5 and Table I. SERIAL SECTIONS: While we are not yet sufficiently expert to cut serial sections routinely, the few that we have obtained (Figs. 13 to 16 ) pose several problems.
The two-compartmented granum F is present
FIGURE 6
Face view of grana and anastomosing frctwork. The grana are generally scctioned at a gentle angle with respect to the planc of the partitions. Grana (A and B) are cut parallel to thc plane of compartmcnts and suggest some variation in the density of the compartments; common compartments at Cc. The broad, anastomosing frets are distinct and sections through them are indicated at Fr. X 32,000.
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in all four sections. In Fig. 13 , its left margin is type 6, an open double which joins the end compartment of granum C. On the right it is continuous with the adjacent granum whose margin is just visible in this illustration. In Fig. 14 , the right margin ends in a fret, but its left margin is blunt and does not seem to be associated with granum C. In Fig. 15 , compartments 2 and 4 of granum C unite with the upper and lower compartments, respectively, of granum F. In Fig. 16 The same assumption, i.e. that adjacent fret connections are related, leads to the suggestion that the fret connections are arranged spirally around the grana. For instance, in succeeding profiles there are connections with compartments 4, 5, 6 and 7, 8, 9, 10; and 10, 11, 12. This is shown by the diagonal lines in Table II. Tangential sections of a granum should be slender rectangles. If they cut through compartments we should expect the partitions to be distinct. A section through margins would likely be diffuse, while a section through the fretwork just outside of a granum should show a series of discrete, slender lines paired two by two. Based on these assumptions, Tp's in Figs. 15, D and 16, A are sections through compartments close to the margin of a granum; Tm in Fig. 16 , A is a true tangential section through margins. Frets were sectioned at Tf in Figs. 13, A, and 16 , B. The compartments of Fig. 13 , A, as may be seen from Figs. 14, 15, 16, are parallel with the plastid envelope and the top of the section. The end compartments of this granum (Fig. 13, A) have the same parallel orientation. The section through the margins (Fig. 13, A, Tm) becomes slightly diffuse but the compartments maintain their parallel orientation. As the section passes away from the granum into the fretwork, the expected series of discrete, parallel channels appears but the channels are oriented at an angle of 30 ° to 40 ° with respect to the axis of the plastid. Furthermore, they appear to be barred. The bars show well in granum B of Fig. 16 .
Since sections parallel with the face of the granum are generally too thick and the bases of the frets at their junctions with the grana are
T A B L E I
The Marginal Relationships of Grana in Figs. 1 to 3
The upper row of figures describes the order of margins as depicted in Fig. 7 at the left margin of the grana. The lower row of figures describes the order of margins at the right margin of the grana. Opposite spread, sharp pictures of the emergence of frets from grana are very rare. Figs. 6 and 17 are the only ones in our collection. There has been some damage to the plastid of Fig 17; the fretwork is absent, but the connections between individual frets and the two grana are sharp. They radiate outward like spokes from a wheel, providing additional support to the idea of an orderly arrangement of connections between frets and grana. This arrangement is also well shown in Fig. 6 . This situation would appear to agree with the findings from the analysis of the margins in the four serial sections (Table II) . T h e compartments appear to have marginal, lateral interconnections at the point of union with the frets which are arranged spirally around the granum. T h e evidence for this construction is tenuous, and more information is needed before a three-dimensional reconstruction can be attempted.
Small and Irregularly Shaped Grana
Triangular, oval, trapezoidal, and rhomboidal profiles can be interpreted as sections through cylinders taken at various angles to the long axis. Ultramicrograna take other shapes which are difficult to explain in relation to the current concept of micrograna as cylinders (von Wettstein 1958 (von Wettstein , 1959 , which they may not be! G r a n a may consist of as few as two compart-FIGURE 9
Pace view. Section at somewhat greater angle to the plane of the compartments than Pig. l l. Frets (Fr) are straight and fairly broad. Cut edges are indicated by arrow. Granum A shows extended compartments. X 40,000.
FIGURE 10 (below)
Two small grana with end compartments in common,
Cc. There seems to be a break in the end compartment and a swelling at the arrow. X 88,000.
ments. Evidence that such two-compartmented profiles are grana and not double frets is presented by granum F in the serial sections ( Fig. 13  to 16 ). This granum has been described above. Its appearance in all four sections, in contrast to the shallower fret connections, establishes it as a granum. Other two-compartmented grana are represented in Figs. 2, A; 5, H; 13 to 16, F. Figs. 18 and 19 illustrate a relatively large group of small grana. It is not possible to decide whether or not frets and compartments are discrete, unchanging units, or whether they intergrade with each other. This problem is highlighted in Fig. 18 . One can assume that all bodies with two or more compartments are grana and that single sets of paired lines extending from grana are frets. Thus, granum A consists of three compartments. The middle compartment extends to the left in a fret, while 
T A B L E II
Comparative Analysis of the Lower Left Margins of Granum A in Figs. 13 to 16
N u m b e r s indicate marginal types shown in Fig. 7 . Nos. 2, 3, and 6 indicate types of fret connections, and their a r r a n g e m e n t as indicated by the slanting lines suggests a spiral. C o m p a r e the slanting fret connections in the tangential section of grana A and E, Fig. 13 , and B in Fig. 16 . Serial sections. T h e prcsence of the two-compartment g r a n u m , F, in all sections shows it to be a g r a n u m rather t h a n a slender fret. T h e profile of g r a n u m A, Fig. (15) indicates a near-mcdian section t h r o u g h this g r a n u m . T h e profile of g r a n u m A in Fig. (13) indicates a tangential section through this granum, passing through compartments at the top and bottom, through the margins at Tm, and through connecting frets at Tf. D, TO, narrow-profiles, indicate near-tangential sections. An analysis of the margins at the lower left of granum A (see Table I ) when compared with the slanting frets of the tangential section of Fig. (13) suggests that the union of frets with compartments may form a spiral. X 20,000.
frets connect with the right margins of the first and third compartments. There is a possible fret connection between the middle compartment and granum D. These right frets are long and straight, suggesting that they may be relatively broad.
From the evidence at hand, there is no more reason to suppose that compartments are always compartments and frets always frets than to assume that frets may fuse to form grana. O n the other hand, compartments might open and change to flexuous channels. The differences between a single compartment and a fret would be: (a) the circular shape of a compartment as opposed to a narrow, straight or flexuous channel of a fret, and (b) the straighter, thicker, and darker partitions of a compartment as compared with the curving, lighter, and thinner margins of a fret. A single compartment might also be distinguished from a fret by (a) its position in relation to other grana, and (b) its length in comparison with adjacent grana. Is B of Fig. 18 a single-compartmented granum or a freff We have no information about shape in face view. But based upon the criteria just mentioned, it may be a compartment because (a) its position is between a three-compartmented granum and a manycompartmented granum, (b) its length is about equal to the width of the grana above and below it, and (c) its partitions are darker than fret borders. Consideration of the situation at C supplies information on the relative reducing intensities of partition and fret membranes. C may be considered a single-compartmented granum connected by a fret with granum A. Granum C is parallel with granum D and their left margins are aligned. Its partitions are denser and thicker than those of the fret connecting it with granum A. We may assume then that both B and C are single compartments rather than frets. Between E and E p there is an alignment of three definite grana and six paired membranes which, upon the criteria just stated, could be single-compartmented grana. Is it possible that grana in these photosynthetically active chloroplasts may lengthen or shorten by the addition or loss of one or more compartments? Such could be the case at E and E p.
Compartments extending for more than half the length of a plastid are occasionally seen (Menke, 1960b) (Fig. 19 ). Are they grana or paired frets such as might arise from a lateral joining of long, parallel frets as shown in Figs. 8, Fr and 9, Fr? The morphological distinction lies in the greater breadth of the compartment in face view; such a development would then involve not only a pairing of frets but also an associated lateral expansion. Evidence that such a development occurs is very meager and is, at best, merely
FIGURE 17
Face view of two grana showing frets, Fr, radiating from the grana. Some damage occurred to the fretwork during processing. X 80,000.
suggested in oblique views. For instance, long compartments may be distinguished from frets in Fig. 11 at Cc and Fr.
A regularly occurring deviation from rectangular profiles of the cylindrical grana is the extension of several end compartments beyond the regular sides of the cylinder (Figs. 4; 8, B; 13, A top) .
Sometimes such extensions lead to compartments common to two grana (Figs. 8, F, G; 10; 18, F) .
That such extensions may usually, if not always, be shared between two grana, is suggested by the serial sections. The top compartments of granum A in Fig. 16 are not extended, but in Figs. 14 and 15 they are extended. In Fig. 13 they are shared with an adjacent granum whose margins may just be seen.
That these extensions are compartments is indicated by sections cut parallel with the plane of the compartments. In Fig. 20 , the shape of the center granum suggests a number of extended compartments. This situation is also suggested by granum A in Fig. 9 . Compartment interconnections are apparently present in Figs. 6, Cc and ll, Cc.
Less frequently, internal compartments may also extend beyond the circumference of the cylinder (Fig. 8, C) . In Fig. 21 , internal compartments from granum B are extended and paired with extended end compartments of granum A. Definite, though diffuse, compartments from granum C connect with this overlap, resulting in a branching complex of grana. An example of an array of variously shaped grana in a single plastid is shown in Fig. 22 . Granum A has an irregular contour, and a section through it in the plane of the broken llne would show it as two distinct grana. Such a situation arises in Fig. 13 where the profile of granum C suggests two grana, but this cannot be the case because the adjacent serial section Fig. 14, C shows this as a single granum.
Homogeneously green chloroplasts are known to occur (Guilliermond, 1941; Metzner, 1954) and it seems possible that they could be accounted for by the presence of numerous, small grana as in Fig. 18 . Also, irregular grana such as those shown in Fig. 22 might also be expected to appear homogeneously green under the light microscope. Uniformly green chloroplasts have been described as occurring more commonly in plants growing in bright sunshine (Weier, 1938) . The observation in living cells of homogeneously green and granular plastids which may be interchangeable needs further confirmation. If it is substantiated, it would strongly support the concept suggested here that the size, shape, and orientation of grana vary in response to metabolic states.
Convincing evidence that grana may branch is shown in Fig. 23 . The arms of the granum are sharply defined, the upper compartments are swollen, and many of the margins may be easily analyzed. The first several common compartments (arrow) are broad and form the base of both arms. The stem of the Y subsequently narrows down and the partitions become diffuse. Fig. 24 compares the chloroplast structure of (a) A~pidistra, (b) Hordeum (von Wettstein, 1958; Granick, 1961) with the concept of the structure of the tobacco chloroplast proposed here. According to Granick (1961) the basic structure of all photosynthetically active chloroplasts appears to be a flattened, double-membraned structure. In chloroplasts of higher plants, the double-membraned lamellar structure is differentiated into more dense grana lamellae and less dense stroma lamellae; the lamellae are embedded in proteinaceous stroma. As pointed out previously, Gibbs (1960) has questioned this as a generalized interpretation of plastid structure. (Weier, 1961; Weier and Stocking, 1962 ) that the grana fretwork system is variable in shape and extent and seems to respond to environmental conditions.
CONCLUSIONS
We are thus proposing a new concept of chloroplast structure. It is based largely on collections of fully expanded leaves taken from plants just ready to flower. We have one collection from a fruiting plant and several supporting collections from Phaseolus vulgaris and Lycopersicum esculentum.
While we have compared some ten different fixatives, all of the work reported here is based on 2.4 per cent KMnO4. One should not generalize from this study that the chloroplasts of all higher plants are so constructed. Nor need our concept supercede previous ideas of plastid structure; it may be a stage in development or a selected physiological state, or it may be typical of only a small group of plants. In view, however, of the reports of Leyon (1953) , Menke (1960) , Gibbs (1960), and Jacobi and Perner (1960) , it might be worth while to recheck the appearance of chloroplasts in Aspidistra, Hordeum, and Zea mays using K M n O a as a fixative. T h e fixation images of K M n O 4 and osmium differ. There is no prior reason to consider one real and the other an artifact. T h e differences must have a basis in grana structure which must eventually be explained, as Lefort (1960) has attempted to do for certain bluegreen algae.
FtGtmF~ ~1
Three grana (at A, B, and C) connected by extensions of compartments. X 48,000.
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FIGURE 18
Groups of thin grana. Note end alignment. Series of grana occur at A, D, and possibly at B and E'. There is a two-compartmented granum above C; the paired lines below C m a y represent a single-compartmented granum. A single-compartmented granum occurs at B, and above it there is a two-compartmented granum. There is a threecompartmented granum at A. The fret connecting A and C is morphologically different from the compartments. Since these small grana would not be resolved by the light microscope, this plastid would probably appear homogeneously green. X 44,000.
FIGURE 19
Compartments (Co) reaching about one-half the length of a plastid are shown. Such long compartments are comparable to those of grana and distinct from the frets (Fr).
X 44,000.
FIGtmE ~0
Face view showing a granum with extended compartments. X 48,000.
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